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Abstract
The control of cellular growth is tightly linked to the regulation of protein synthesis. A key function in
translation initiation is fulfilled by the 5' cap binding eukaryotic initiation factor 4E (eIF4E), and
dysregulation of eIF4E is associated with malignant transformation and tumorigenesis . In mammals, the
activity of eIF4E is modulated by phosphorylation at Ser209 by mitogen-activated protein kinases
(MAPK)-interacting kinases 1 and 2 (Mnk1 and Mnk2) , which themselves are activated by ERK and
p38 MAPK in response to mitogens, cytokines or cellular stress . Whether phosphorylation of eIF4E at
Ser209 exerts a positive or inhibitory effect on translation efficiency has remained controversial. Here
we provide a genetic characterization of the Drosophila homolog of Mnk1/2, Lk6. Lk6 function is
dispensable under a high protein diet, consistent with the recent finding that mice lacking both Mnk1
and Mnk2 are not growth-impaired . Interestingly, loss of Lk6 function causes a significant growth
reduction when the amino acid content in the diet is reduced. Overexpression of Lk6 also results in
growth inhibition in an eIF4E-dependent manner. We propose a model of eIF4E regulation that may
reconcile the contradictory findings with regard to the role of phosphorylation by Mnk1/2.
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was also identified in a misexpression screen as a puta-
tive negative regulator ofRas/MAPKsignaling [10]. How-
ever, no physiological role has been assigned to Lk6 in
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EPLk6-mediated Lk6 overexpression not only sup-Winterthurerstrasse 190
CH-8057 Zu¨rich pressed the overgrowth phenotype elicited by coex-
pression of PKB and PDK1, but it also attenuated theSwitzerland
eye overgrowth caused by the overproduction of the
insulin receptor (Inr) and of the small GTPase Rheb (Ras
homolog enriched in brain) aswell as an S6 kinase (S6K)-Summary
dependent bent-downwing phenotype (see Figure S1 in
the Supplemental Data available with this article online;The control of cellular growth is tightly linked to the
regulation of protein synthesis. A key function in trans- data not shown). Ubiquitous expression of Lk6 (by
means of daGal4) resulted in smaller flies (weight reduc-lation initiation is fulfilled by the 5 cap binding eukary-
otic initiation factor 4E (eIF4E), and dysregulation of tion of 10% in females and 9% in males, respectively;
Figure 1B). The reduced wing size (10%) was broughteIF4E is associatedwithmalignant transformation and
tumorigenesis [1, 2]. In mammals, the activity of eIF4E about by a decrease in cell number (10% decrease in
females) but not in cell size (Figure 1C). Likewise, theis modulated by phosphorylation at Ser209 by mito-
gen-activated protein kinases (MAPK)-interacting ki- observed reduction in overall eye size was caused by
a diminution in cell number (data not shown).nases 1 and 2 (Mnk1 and Mnk2) [3–5], which them-
selvesare activated byERKandp38MAPK in response eIF4E is regulated bybindingof eIF4Ebindingproteins
(4E-BPs), which in their hypophosphorylated form inhibitto mitogens, cytokines or cellular stress [6]. Whether
phosphorylation of eIF4E at Ser209 exerts a positive or cap-dependent translation, and by direct phosphoryla-
tion [11]. Themammalian Lk6 homologsMnk1 andMnk2inhibitory effect on translation efficiency has remained
controversial. Herewe provide a genetic characteriza- are the physiological kinases responsible for the phos-
phorylation of eIF4E at Ser209 [3–5]. Flies lacking eIF4Etion of the Drosophila homolog of Mnk1/2, Lk6. Lk6
function is dispensable under a high protein diet, con- function die during early larval stages. A genomic eIF4E
construct containing anamino acid exchangeat positionsistent with the recent finding that mice lacking both
Mnk1 and Mnk2 are not growth-impaired [4]. Interest- 251 (Ser251→Ala, corresponding to Ser209 in mamma-
lian eIF4E) is capable of rescuing eIF4E null mutants toingly, loss of Lk6 function causes a significant growth
reduction when the amino acid content in the diet is adulthood. However, the rescued animals have a re-
duced viability, develop more slowly, and are smallerreduced. Overexpression of Lk6 also results in growth
inhibition in an eIF4E-dependent manner. We propose than control flies, indicating an important role for Ser251
phosphorylation in assuring normal growth during de-a model of eIF4E regulation that may reconcile the
contradictory findings with regard to the role of phos- velopment [12]. To genetically test whether the effects
of Lk6 are mediated by phosphorylation of eIF4E atphorylation by Mnk1/2.
Ser251, we overexpressed Lk6 with daGal4 in an eIF4E-
deficient background provided with an eIF4ESer251AlaResults and Discussion
transgene. Strikingly, the effects of Lk6 overexpression
were completely abrogated in this genetic context (Fig-Lk6 Overexpression Inhibits Growth
through eIF4E ure 1D). Thus, at least under overexpression conditions,
eIF4E-Ser251 is required for Lk6 to affect growth.In search of novel growth effectors acting downstream
of Protein kinase B (PKB, also called Akt) and 3-phos-
phoinositide-dependent kinase-1 (PDK1), we set out to
Lk6 Is Dispensable for Normal Growthidentify genes whose expression is capable of modulat-
and Developmenting an overgrowth phenotype caused by the cooverex-
The functional significance of eIF4E-Ser209 phosphory-pression of PKB and PDK1. To this end, we performed
lation is still under debate [13]. It is widely accepteda UAS (upstream activating sequences)/Gal4-based EP
that eIF4E phosphorylation is increased in response to(enhancer/promoter) screen [7, 8] to coexpress random
growth factors, hormones, cytokines, and mitogenicgenes together with PKB/PDK1. EP30.18 strongly sup-
stimuli that activate translation [11]. However, differentpressed the hyperplastic phenotype (Figure 1A), and
studies demonstrated a negligible role—or even an in-plasmid rescue revealed Lk6 as the gene driven by the
hibitory effect—for eIF4E-Ser209 phosphorylation inEP insertion (henceforth termed EPLk6).
translation initiation [14, 15]. Moreover, published dataLk6 encodes the single Drosophila homolog of Mnk1
concerning the affinity of phosphorylated eIF4E forand Mnk2. It has previously been described as a micro-
capped mRNA are also contradictory [16–18]. Thus, ittubule- and centrosome-associated protein [9], and it
is essential to study the physiological function of eIF4E
phosphorylation in a genetically tractable model organ-*Correspondence: hafen@zool.unizh.ch
1These authors contributed equally to this work. ism such as Drosophila. We generated mutations in Lk6
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Figure 1. Overexpression of Lk6, the Drosophila Mnk1/2 Homolog, Inhibits Growth via Phosphorylation of eIF4E
(A) Overexpression of Lk6 (achieved by EPLk6) suppresses a PKB/PDK1-dependent big-eye phenotype. Dorsal view of Drosophila adult heads
of genotypes y w;GMR-Gal4 UAS-PKB/;EPPDK1/ (left) and y w;GMR-Gal4 UAS-PKB/;EPPDK1/EPLk6 (right).
(B) Ubiquitous expression of Lk6 (with daGal4 as driver line) gives rise to smaller flies. Quantitative analysis shows a weight reduction of 10%
in females and 9% in males (n  33, p  0.05; student’s t test).
(C) The reduced wing size (n  10, p  0.05; student’s t test) is attributable to fewer cells.
(D) Flies overexpressing Lk6 in an eIF4E phosphorylation site mutant background (white bars) do not display any weight reduction as compared
to control flies (black and gray bars; n  19). Consistently, neither number nor size of ommatidia in the adult eye of females is altered (right;
n  4). Thus, Lk6 exerts its effect via phosphorylation of eIF4E at Ser251. Measurements were performed according to Bohni et al. [22]. All
error bars represent the standard deviation.
by feeding EPLk6 males with ethylmethane sulphonate the kinase domain (Figure 2A). All mutant combinations
gave rise to viable and fertile flies without obvious(EMS) and crossing them to Act5CGal4 driver females.
Because the overexpression of Lk6 is lethal at the pupal growth defects (Figure 2B). Clones of Lk6 mutant cells
were induced in imaginal discs during larval stages tostage, only flies carrying a lesion in the Lk6 gene (or in
an essential downstream gene) could survive. In this investigate whether loss of Lk6 affects growth of mutant
cells when juxtaposed to wild-type cells. The growthway, we obtained five loss-of-function alleles of Lk6
(Figure 2A). Fourmutations (Lk615, Lk625, Lk626, and Lk636) behavior of marked Lk6 mutant clones was indistin-
guishable from their neighboring twin spot clones (Fig-are located in the region encoding the evolutionarily
conserved kinase domain. Lk638 results in a premature ure 2C). Accordingly, no differences in cell size could
be observed in clones of Lk6 mutant cells in the adultstop at amino acid position 474, located C-terminal to
Current Biology
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Figure 2. Loss of Lk6 Does Not Lead to Growth Abnormalities under Standard Culture Conditions
(A) Alignment of the highly conserved kinase domain of Lk6 with its human (H.s.), mouse (M.m.), and C. elegans (C.e.) homologs (Mnk1 and
Mnk2 in mammals; alignment only shown for Mnk1). The red stars indicate the positions of the sequence changes caused by the EMS-induced
Lk6 mutations. Lk636: His to Arg at position 154; Lk626: Gly to Arg at position 186; Lk625: Ser to Leu at position 265; and Lk615: frame shift, at
position 360, leading to translation termination after nine additional amino acids (GGRVARCQR). Lk638 results in a truncation at position 474
after the kinase domain.
(B) Lk6 mutant flies are normal in size. The weight of mutant female and male flies (four different alleles) is not significantly altered compared
to control flies.
(C and D) Clonal analyses in imaginal wing discs (C) and in the adult eye (D) do not reveal any growth impairment of Lk6 mutant cells. Mitotic
recombination was induced by a heatshock 48–72 hr after egg deposition. Mutant cells aremarked by the absence of GFP and red pigmentation,
respectively. Genotypes are y w hs-Flp;FRT82 Lk615/FRT82 Ubi-GFP (C) and y w hs-Flp;FRT82 Lk615/FRT82 w (D).
compound eye (Figure 2D). Thus, Lk6 is dispensable for adult wings (Figure 3B). Consistently, the number of
ommatidia in the compound eye was also reduced (8%normal development and growth under standard culture
conditions. fewer ommatidia in females; data not shown). Further
reduction of the yeast content (20% yeast) led to an
even more pronounced weight loss of the Lk6 mutantsLk6 Is Limiting under Conditions of Reduced
(15% in males, 29% in females), but it also decreasedDietary Protein and Oxidative Stress
the weight of control flies by up to 6% in males (FigureA comparison with the results of another study on the
3A). Interestingly, the size reduction of the Lk6 mutantfunction of Lk6 ([19], published online along with this
flies at 20% yeast is caused by a reduction in both cellpaper) revealed surprising differences because these
size and cell number. Strikingly, Lk6 mutant cell clonesauthors observed a significant growth reduction of Lk6
induced in larval imaginal discs grew poorly at 20%mutant flies.We reasoned that thedifference couldorigi-
yeast as compared to their wild-type sibling clones, innate fromunequal culture conditions and testedwhether
sharp contrast to the normal growth at 100% yeastthe requirement for Lk6 function depends on the diet.
(compare Figure 3C with Figure 2C). We conclude thateIF4E is regulated both by phosphorylation andby direct
Lk6 is a positive growth regulator that becomes limitingbinding to 4E-BPs. The activity of 4E-BPs is intimately
only under poor nutrient supply.linked to nutrient availability because TOR, the kinase
We initially identified Lk6 as a negative growth regula-that is part of a nutrient-sensing complex [20], phos-
tor capable of suppressing, upon overexpression, a big-phorylates 4E-BP under nutrient-rich conditions, lead-
eye phenotype. Moreover, ubiquitous overexpression ofing to the dissociation of 4E-BP from eIF4E [21]. Lk6
Lk6 at 100% yeast resulted in a growth reduction (seefunction might become limiting when amino acid levels
above, Figures 1B and 1C). The results of the loss-of-are reduced. Lk6 mutant as well as control larvae were
function analysis suggest that Lk6overexpression underreared on food with a reduced content in yeast (and
our standard conditions acts in a dominant-negativetherefore limited amino acid supply) to test this hypothe-
manner. We wondered whether the negative effects onsis. At 30% yeast, control flies did not show any weight
growth were also contingent on amino acid availability.loss when compared to flies reared at 100% yeast (our
At 30% and 20% yeast, Lk6-overexpressing flies werestandard fly medium). In contrast, Lk6 mutants were
no longer reduced in weight when compared to controlsignificantly smaller at 30% yeast (weight reduction of
flies (Figure 3D). Furthermore, the lethality caused by9% in males and 20% in females; Figure 3A; data not
Act5CGal4-mediated Lk6 overexpression at 100%yeastshown). The reduced size resulted from a diminution in
cell number because cell size was not affected in the (only 16% and 2% survivors for females and males,
Nutrient-Dependent Growth Regulation by Lk6
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Figure 3. Reducing Dietary Yeast Reveals a
Growth Function for Lk6
(A) Differential effects of reducing the yeast
content in the food. Whereas control flies are
of normal size when reared at 30% yeast, Lk6
mutants are significantly smaller. Depending
on the allelic combination, the weight reduc-
tion ranges from 9% to 17% in males and
from 15% to 20% in females (p  0.001; stu-
dent’ s t test). At 20% yeast, control flies are
also slightly reduced in size (2%–6% inmales,
3%–7% in females). Flies lacking Lk6 function
are further reduced (15%–26% in males,
17%–29% in females). Theweight of homozy-
gous Lk615 males is shown as an example.
Heterozygous Lk615/ and EPLk6/ males
serve as controls. n  30–50 for all measure-
ments. A comparison of female Lk6 mutant
flies reared at 100% and 20% yeast, respec-
tively, is shown below.
(B) Closer examination of adult wings reveals
a predominant effect on cell number. Cell size
is only affected at 20% yeast, both in the Lk6
mutant and control flies. Ten wings of female
flies were analyzed for each experimental
condition, andmean values are displayed rel-
ative to the respective sizes at 100% yeast.
(C) At 20% yeast, clones of Lk6 mutant cells
(markedby the absenceofGFP) bear a severe
growth disadvantage in comparison to the
wild-type sister clones (bright green). Geno-
type is the same as indicated in Figure 2C.
(D) The negative effects caused by ubiquitous
overexpression of Lk6 on growth are dimin-
ished by reducing the yeast content in the
food.
(E) Measurement of lipid levels in 3 day-old
females and males (according to Bohni et al.
[22]) reveals elevated lipid contents in Lk6-
overexpressing flies (y w;daGal4/EPLk6; n 
10, p  0.05) as well as in homozygous Lk6
mutants (Lk615; n  9, p  0.05 for females).
(F) Both loss and gain of Lk6 function lead to
an increase in the average lifespan of adult
flies, as compared to control flies, under com-
plete starvation (n 100). Similar results were
obtained with different Lk6 alleles.
respectively) was substantially suppressed by rearing Measurement of the lipid content in adult flies revealed
significantly increased lipid levels in the mutant animalsthe animals on low-yeast food (74% and 16% survival
ratio at 30%yeast, 58%and8%at 20%yeast for females (31% [loss-of-function] and54% [overexpression] in
females; 13% [loss-of-function] and 59% [overex-and males, respectively). From these overexpression
experiments, we conclude that the activity of Lk6 is also pression] in males; Figure 3E), consistent with the notion
that the enriched lipid stores can bemobilized to endureregulated by amino acid availability.
Loss of Chico, the Drosophila homolog of vertebrate periods of starvation. Notably, lifespan of Lk6 mutants
was prolonged only under starvation conditions. Underinsulin receptor substrate 1-4 proteins (IRS1-4), results
in flies with proportionally reduced body size [22]. These normal culture conditions, Lk6mutant flies lived shorter
than control flies (data not shown).chico mutant flies have increased lipid levels and are
more resistant to starvation than wild-type flies [23]. We p38 MAPK is activated by diverse stress stimuli, in-
cluding oxidative stress [6]. We therefore askedwhethertherefore tested Lk6 mutant animals for their behavior
under starvation conditions and for changes in their Lk6, as a p38 downstream effector, might be important
for survival in response to oxidative stress. Adult Lk6lipid metabolism. The effect to sustain starvation (i.e.,
a water-only diet) was more pronounced in females: mutants and control flies were subjected to an oxidative
stress regime by feeding them a sucrose/paraquat mix-Adult Lk615 mutant females lived nearly 50% longer than
control flies, Lk638 mutant females 33% longer (Figure ture, which leads to the generation of reactive oxygen
species whenmetabolized. Lk6mutants weremore sus-3F; data not shown). Male Lk615 and Lk638 mutants
showed an increase in lifespan of 22%and 13%, respec- ceptible to paraquat feeding than control flies (Figure
S2), indicating that Lk6 is critical for survival under oxi-tively. Flies overexpressing Lk6 displayed a similar life-
span extension under fasting conditions (Figure 3F). dative stress conditions.
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Figure 4. Effect of the Diet and Lk6 Dosage
on Growth
TOR activity is stimulated under rich nutrient
conditions (high amino acids), resulting in the
phosphorylation of 4E-BP. This leads to an
increase in the pool of free eIF4E (represented
by dots), which assembles into functional
translation initiation complexes. The transla-
tion efficiency is further modulated by phos-
phorylation of eIF4E by Lk6 (red dots symbol-
ize phosphorylated eIF4E). A high amount of
Lk6 results in complete phosphorylation of
eIF4E and impairs growth because of prema-
ture eIF4E phosphorylation and/or a reduc-
tion of the affinity of phosphorylated eIF4E to
capped mRNA. On the other hand, the loss of
Lk6 is without impact on translation initiation
under favorable conditions because phos-
phorylation of eIF4E is not essential as long
as the pool of free eIF4E is sufficiently large.
Under dietary restricted conditions, however,
the absence of Lk6 leads to impaired transla-
tion efficiency. Lk6 activity is presumably also
regulated in response to amino acid availabil-
ity. See text for further details.
Conclusions eIF4E, which dampens the rate of translation. It is likely
that the predominant mechanism of eIF4E regulation isOur genetic analysis shows that Lk6 is dispensable un-
der standard culture conditions (rich amino acid source), achieved by TOR/4E-BP activity, and that the phosphor-
ylation of eIF4Eby Lk6/Mnk imposes a translational fine-commensurate with the recent finding that Mnk1 and
Mnk2 are not essential for cell growth and development tuning that becomes rate limiting only under adverse
food conditions. Lacking Lk6 function in addition to di-in the mouse [4]. Under adverse food conditions, how-
ever, Lk6 is required for normal growth. It is interesting to minished eIF4E availability impinges on translation effi-
ciency, which results in the observed body size re-note that Lk6 expression has been reported to be upregu-
lated upon starvation during larval development [24]. duction.
Alternatively, high TOR activity caused by a diet richWe have also provided evidence that Lk6 exerts its
function via phosphorylation of eIF4E because the ef- in amino acids could enable the activation of another
(unidentified) eIF4E kinase that acts redundantly to Lk6/fects of Lk6 overexpression are strictly dependent on
the presence of Ser251 in eIF4E. This conclusion is Mnk. However, this is rather unlikely because mice lack-
ing Mnk1 and Mnk2 do not show any residual eIF4E-strongly supported by the finding that eIF4E phosphory-
lation is diminished in ovaries of Lk6 mutant flies [19]. Ser209 phosphorylation, strongly arguing against an un-
characterized eIF4E kinase [4].Therefore, flies lacking Lk6 function can be expected
to display the same phenotype as eIF4E mutant flies Overexpression of Lk6 under standard food condi-
tions consistently resulted in a suppression of growth.rescued by a P{eIF4ESer251Ala} transgene. However, the
rescuedeIF4Emutants grow to a smaller size evenunder Furthermore, another EP insertion in the Lk6 locus
(EP3344; see Experimental Procedures), which pro-our standard culture conditions. Although they contain
significantly fewer cells, the size reduction is predomi- motes lower expression levels as compared to EPLk6,
yielded qualitatively similar but milder phenotypes (datanantly caused by smaller cells [12]. In contrast, the loss
of Lk6 function primarily affects cell number. Whether not shown), suggesting that the dosage of Lk6 expres-
sion is important for its ability to regulate growth. Con-these discrepancies reflect a qualitative difference be-
tween eIF4E mutant flies rescued by a P{eIF4ESer251Ala} centration-dependent effects of Mnk1 have also been
described by Knauf et al. [15], who suggested a negativetransgene and Lk6 mutants is currently unknown.
We speculate that the net result of Lk6/Mnk activity role of Mnk1/2 for cap-dependent translation. It is con-
ceivable that overexpressed Lk6 exerts a dominant-neg-(i.e., whether translation is inhibited or promoted) is not
determined by the absolute levels of Lk6/Mnk, but rather ative effect on translation efficiency by reducing the
affinity of phosphorylated eIF4E for cappedmRNA, lead-by the ratio of activated Lk6/Mnk and free eIF4E (i.e.,
not bound by 4E-BPs), the limiting factor for translation ing to a precocious disassembly of the eIF4F complex.
Reducing the amino acid supply abolished the nega-initiation (see Figure 4). Under our standard culture con-
ditions (high protein), a larger fraction of eIF4E assem- tive effects of Lk6overexpression ongrowth, suggesting
that the activity of Lk6 is also regulated in response tobles into functional eIF4F complexes because of high
TOR activity, thereby promoting translation. Under re- nutrients. The mechanism for this additional layer of
regulation is unknown but is likely to involve phosphory-duced conditions (e.g., 30% yeast), TOR pathway activ-
ity is lowered, and, thus, more 4E-BP binds and inhibits lation by the upstream kinases ERK and/or p38. Consis-
Nutrient-Dependent Growth Regulation by Lk6
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sequencing, and members of the Basler and Hafen laboratories fortently, the p38 homolog in fission yeast, Sty1/Spc1, is
participating in the generation of the EP lines.regulated in response to nutrient limitation and osmotic
stress [25].
Received: September 2, 2004The effects of Lk6 activity are therefore context de-
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pendent: They lead either to growth stimulation or Accepted: October 27, 2004
growth inhibition. We propose that (1) the timing, (2) the Published online: December 16, 2004
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